We analyse type IIA Calabi-Yau orientifolds with backgroud fluxes, taking into account the effect of perturbative α -corrections. In particular, we consider the αcorrections that modify the metrics in the Kähler sector of the compactification. As it has been argued in the literature, including such α -corrections allows to construct the mirror duals of type IIB Calabi-Yau flux compactifications, in which the effect of flux backreaction is under control. We compute the α -corrected scalar potential generated by the presence of RR and NS fluxes, and reformulate it as a bilinear of the flux-axion polynomials invariant under the discrete shift symmetries of the compactification. The use of such invariants allows to express in a compact and simple manner the conditions for Minkowski and AdS flux vacua, and to extract the effect of α -corrections on them.
Introduction
Compactifications with background fluxes have proven to be a very fertile framework to construct phenomenologically appealing string theory vacua [1] [2] [3] [4] . A simple and somehow paradigmatic example of such constructions are type IIB orientifold compactifications with three-form fluxes and their F/M-theory counterparts [5] [6] [7] [8] . One important feature of this class of vacua is that one can incorporate background fluxes as quantised harmonic forms on top of an internal Calabi-Yau geometry, and solve for the 10d supergravity equations of motion by simply adding a non-trivial warp factor with a specific internal profile.
Given our knowledge of compact Calabi-Yau geometries, this allows to build a plethora of explicit flux compactifications.
Just as in the type IIB side one may describe the 4d effective theory in terms of a Kähler potential computed from dimensional reduction on a Calabi-Yau, the same should be true in the type IIA side of the mirror map. In other words, for this class of type IIA vacua flux backreaction may take the internal geometry away from a Calabi-Yau metric, but in the same way as the effect of warping can be neglected in many instances, so can the corresponding type IIA deformation. In that case one may safely implement the above 4d approach for a systematic search of vacua, using the naive Calabi-Yau Kähler potential and the flux-induced superpotential, as long as the flux-induced masses are well below the compactification scale.
A fairly general class of type IIA Calabi-Yau compactifications mirror dual to the constructions in [8] was analysed in [31] . As stressed in there, a key ingredient to capture the proper stabilisation of moduli in the type IIB side is the inclusion of (perturbative) α -corrections in the type IIA side, in particular those that affect the Kähler moduli sector of the compactification. In fact, together with the fluxes such corrections control the stabilisation of the Kähler moduli, and so to some extent determine whether the compactification is in the appropriate regime of validity.
In this paper we analyse type IIA flux compactifications on Calabi-Yau orientifolds at large or moderately large volume, in the sense that we include the effect of perturbative α -corrections for the Kähler sector. We extend the analysis of [31] , in the sense that we compute the full scalar potential 3 in the presence of general NS and RR fluxes, and apply it to compute both Minkowski and AdS four-dimensional vacua. Our main strategy for this analysis will be to rewrite the Cremmer et al. F-term scalar potential as a bilinear of flux-axion polynomials, namely of the form V = Z AB ρ A ρ B , as in recent work [32] [33] [34] [35] .
As shown in these references, the classical flux potential can be reformulated as such a bilinear, with A running over the fluxes of the compactification, ρ A polynomials of the closed and open string axions of the 4d effective theory, and Z AB an (inverse) metric that only depends on their saxionic partners. The polynomial coefficients in the different ρ A are topological quantities of the compactification, like triple intersection numbers or flux quanta, and such that the ρ A are invariant under the discrete shift symmetries of the 4d effective theory. As we will show below, this structure is preserved when α -corrections are included with some α -corrections entering the definition of the axion polynomials and others affecting the form of Z AB . This shows that the bilinear structure still holds beyond the large volume approximation and, more importantly, in flux compactifications in which the flux backreaction is under control. As in [34] using the flux-axion polynomials makes manifest the discrete shift symmetries of the 4d effective theory and, as in [35] , the bilinear formalism allows to implement the search for flux vacua in a more systematic way. Indeed, with our analysis we both recover the results of [31] and find the α -corrected version of the supersymmetric AdS vacua in [28, 35] .
The paper is organised as follows. In section 2 we revisit the type IIA flux potential in absence of α -corrections, and its reformulation in terms of a bilinear of axion polynomials reviewing the results of [34, 35] . In section 3 we introduce the effect of perturbative αcorrections in the Kähler sector and compute the resulting F-term scalar potential, again rewriting it in terms of α -corrected axion polynomials. With these results, in section 4 we compute how α -corrections affect the stabilisation of non-supersymmetric Minkowski and supersymmetric AdS 4d vacua, reproducing previous results in the literature and obtaining new ones. We draw our conclusion in section 5. Finally, we relegate to Appendix A the technical details regarding the computations of section 4.
The classical type IIA flux potential
Type IIA flux compactifications offer a unique playground to extract symmetries and structures inherent to (a corner of) the perturbative string landscape. To obtain these landscape properties, the top-down physicist starts from the (tree-level) ten-dimensional type IIA supergravity theory and compactifies it on a suitable background by choice, such as a three-dimensional Calabi-Yau (orientifold) background with internal fluxes. The bottom-up physicist on the other hand will obtain the resulting effective field theory in four dimensions by applying the appropriate supergravity formalism upon specifying the prepotentials, Kähler potentials and/or superpotentials. Irrespective of the chosen approach, it is essential to uncover the special properties of the landscape by using the most suitable formalism. In light of recent results [32] [33] [34] [35] , it seems that such a formalism could be the reformulation of the scalar potential in terms of shift-invariant axion polynomials, which is the approach taken in this paper. These considerations will be further clarified by this section, which summarises various well-known aspects of type IIA flux compactifications.
Type IIA flux vacua
When compactifying type IIA string theory on a Calabi-Yau three-fold CY 3 , the effective four-dimensional theory is characterised by a residual (local) N = 2 supersymmetry.
The Kaluza-Klein (KK) zero-modes of the massless Neveu-Schwarz (NS) and Ramond-Ramond (RR) fields recombine into complex scalar fields (and gauge bosons) filling out the bosonic components of the N = 2 multiplets, i.e. one gravity multiplet, h 1,1 (CY 3 ) vector multiplets, h 2,1 (CY 3 ) hypermultiplets and one tensor multiplet. For a properly defined effective N = 2 supergravity description, the B 2 -axions are used to complexify the Kähler deformations of the Calabi-Yau metric into h 1,1 (CY 3 ) Kähler moduli T a :
The massless modes of the NS 2-form and massless Kähler deformations associated to the Kähler two-form J are in one-to-one with respect to harmonic representatives of the Kähler classes [ −2 s ω a ] in H 1,1 (M 6 , Z), which are taken to be dimensionless given the insertion of the string length s = 2π √ α . The additional insertion of the ten-dimensional dilaton φ indicates that the Kähler 2-form is expressed in the Einstein frame. The Kähler moduli parameterise the Kähler moduli space M K of the Calabi-Yau manifold, which exhibits a Kähler structure with Kähler potential:
The Kähler potential depends solely on the internal volume V = 1 6 −6 s M 6 J ∧ J ∧ J, which is expressed as a cubic polynomial in t a = Im (T a ) on the righthand side by virtue of (moduli-independent) integral triple intersection numbers K abc = −6
The B 2 -axions on the other hand do not enter in the Kähler potential, which in turn manifests itself in all geometric quantities derived from the Kähler potential, such as the moduli space metric. 4 Furthermore, the function G T = e −K T corresponds to a homogenous function of degree three in the geometric Kähler moduli t a , which implies a no-scale condition for the Kähler potential K T :
(2.
3)
The homogeneity of the function G T implies that the Kähler moduli space M K is equipped with a special Kähler geometry for N = 2 compactifications and that G T is determined in terms of a holomorphic pre-potential F by the relation:
where we included a complex coordinate T 0 in the set of the Kähler moduli T A = (T 0 , T a ) in order to work with homogeneous (projective) coordinates on the Kähler moduli space. 5 One can then easily check that the Kähler potential (2.2) results from the (tree-level) holomorphic pre-potential, valid at large internal volumes:
In the next section, we will discuss potential corrections to this pre-potential, which have to be taken into account in regions of the moduli space away from the large volume limit.
For now, we shift our focus to the complex structure moduli zκ withκ ∈ {1, . . . , h 2,1 }, which reside in the N = 2 hypermultiplets together with the axions emerging as the zero modes of the RR 3-form C 3 upon dimensional reduction. The discussion of the complex structure deformations usually starts from a symplectic basis of real harmonic three-forms
, in which the Calabi-Yau three-form Ω 3 is expanded:
4 Note however that the b a -axions do pop up in the non-canonical couplings between the RR U (1) gauge potentials inherent to the N = 2 vector multiplets. These kinetic and topological mixings between U (1) gauge bosons are equally computed by virtue of the N = 2 pre-potential for the Kähler moduli sector. 5 In case one prefers to work in the affine coordinate patch (1, T a ), the relation between the homogenous function G T and the pre-potential has to be properly adjusted: 5) with (Z κ , F κ ) the holomorphic periods depending only on the complex structure moduli zκ. Through some algebra, the metric on the complex structure moduli space M cs , parameterised by the complex structure moduli, can be related to first order derivatives of the holomorphic three-form. Consequently, the moduli space M cs is also equipped with a Kähler structure through the Kähler potential:
The expansion of the Kähler potential in terms of the holomorphic periods reveals immediately the special Kähler property as well, where the periods F κ play the role of first order derivatives of a pre-potential F cs with respect to the periods Z κ . More precisely, the periods F κ can be seen as homogeneous functions of degree one in the homogeneous projective coordinates Z κ , such that the pre-potential F cs = 1 2 Z κ F κ is a homogeneous function of degree two. As is well-known, the holomorphic three-form Ω 3 is determined up to a complex phase, which implies the presence of a complex rescaling symmetry Ω 3 → e −h(z) Ω 3 by a holomorphic function e −h(z) . By virtue of this rescaling symmetry, we can set one of the periods to one and work in an affine coordinate patch instead.
For compactifications on generic Calabi-Yau three-folds with non-vanishing Hodge numbers, the four-dimensional theory exhibits a plethora of massless moduli in the vector multiplets and hypermultiplets. In order to lift these flat directions and break supersymmetry (partially), internal RR-and NS-fluxes can be introduced in the compactification.
Adding fluxes along the internal dimensions boils down to adding harmonic components to the exact forms in the RR-and NS-fieldstrength:
such that the fieldstrengths G = G 0 + G 2 + G 4 + G 6 + G 8 + G 10 and H 3 still satisfy the Bianchi identities in the absence of localised sources:
The Bianchi identities also infer the quantisation of the Page charge (in line with Dirac's philosophy): 1
when integrated over non-trivial homological cycles π 2p with p = 1, 2, 3 for the RR sector and π 3 for the NS-sector. In the absence of localised sources such as D-branes, the contribution of the exact forms to the Page charge is trivial, such that flux quanta are fully encoded in the harmonic components: 
we select the set of three-cycles (A λ , B κ ) ∈ H 3 (CY 3 , Z) that are de Rahm duals to the symplectic basis of harmonic three-forms (α κ , β λ ). In string theory the flux quanta q = (e 0 , e a , m a , m, h κ , h λ ) are integers, while in the low energy supergravity theory these flux parameters are often treated as continuous deformations turning the 4d effective theory into an N = 2 gauged supergravity with masses, Stückelberg charges and topological charges. The internal RR-fluxes induce a 4d scalar potential for the Kähler moduli whose shape is constrained by a symplectic Sp(2h 11 + 2) invariance, while the NS-fluxes provide a scalar potential for the complex structure moduli and C 3 -axions in the hypermultiplets.
The formalism used so far builds heavily on the known geometric properties of Calabi-Yau manifolds, which secretly assume a large internal volume and a weakly coupled dilaton. Away from the large volume regime the background fluxes cannot be considered as diluted and their back-reaction forces us to start from SU (3) × SU (3) structure manifolds as compactification backgrounds. Nevertheless, one can identify a sub-class of strict SU (3) structure manifolds preserving N = 1 supersymmetry along the four-dimensional directions forming a Minkowski [29, 36] or Anti-de Sitter vacua [19] . Oftentimes, and in particular to obtain Minkowski flux vacua, localised sources of negative tension such as orientifold planes need to be present in these constructions. In this paper we choose to include O6-planes via an orientifold projection that eliminates half of the N = 2 spacetime supersymmetry from the start. More precisely, following [27] we consider type IIA Calabi-Yau orientifolds M 6 that correspond to the quotient manifold of a Calabi-Yau three-fold modded out by the orientifold action Ω p R(−) F L , with Ω p the worldsheet parity operator, (−) F L the projection operator counting the number of spacetime fermions in the left-moving sector and R an anti-holomorphic involution along the internal directions. By looking at the action of the involution on the Kähler two-form J and the NS two-form: 14) one can deduce that the orientifold projection decomposes the h 1,1 N = 2 vector multiplets in the Kähler moduli sector to h 1,1 + N = 1 vector multiplets and h 1,1 − N = 1 chiral multiplets, with the latter ones containing the Kähler deformations of the Calabi-Yau metric. The moduli space for the Kähler moduli maintains its special Kähler structure, despite the orientifold projection, for which the pre-potential (2.6) now runs over the indices a ∈ {1, . . . , h 1,1 − }. The orientifold projection also eliminates part of the RR-fluxes, in line with their transformation properties under the operators Ω p (−) F L . The RR twoform flux G 2 is only supported on R-odd two-cyclesπ a 2 ∈ H − 2 (M 6 , Z), while the RR four-form flux G 4 only threads R-even four-cycles π a ∈ H + 4 (M 6 , Z). The impact of the orientifold projection on the complex structure moduli sector is more drastic, yet also here the complex structure moduli space does retain its special Kähler structure in terms of the redefined complex structure moduli for the N = 1 supersymmetric theory. A proper definition of the N = 1 complex structure moduli starts by considering the action of the anti-holomorphic involution on the Calabi-Yau three-form and the RR three-form C 3 :
Under the anti-holomorphic involution the symplectic basis of three-forms decomposes into a basis of R-even three-forms (α K , β Λ ) ∈ H 3 + (M 6 , Z) and R-odd three-forms (β K , α Λ ) ∈ H 3 − (M 6 , Z), such that one can easily deduce that the orientifold projection eliminates half of the degree of freedom from the original complex periods in Ω 3 . To arrive at the N = 1 complex structure moduli one has to consider instead the complexified three-form Ω c :
where the compensator field C ≡ e −φ e 1 2 (Kcs−K T ) guarantees the scale-invariance of the holomorphic three-form Ω 3 → e −Re (h) Ω 3 and the RR three-form insures the holomorphic nature of the complex structure moduli in the orientifolded theory. The independent N = 1 complex structure moduli are thus defined through the complexified three-form by virtue of the R-odd three-forms:
The geometry of the complex structure moduli space M cs is characterised by a Kähler structure with Kähler potential given in terms of the N = 1 complex structure moduli:
In the last step, we expressed the Kähler potential for the complex structure moduli sector in terms of the four-dimensional dilaton D defined through e D ≡ e φ √ V . The periods F K and F Λ are not independent, as they correspond to homogeneous functions of degree one in the periods Z K and Z Λ . As such, the function G Q = e −K Q /2 is a homogeneous function of degree two in the complex structure coordinates n K = Im (N K ) and u Λ = Im (U Λ ).
Hence, the Kähler potential K Q satisfies the following no-scale condition:
where κ, λ run over all complex structure moduli N K and U Λ . Similarly to the RR-fluxes, the orientifold projection eliminates part of the NS-fluxes, which are now only supported along the R-odd three-cycles (B K , A Λ ) de Rahm dual to the three-forms (β K , α Λ ).
To sum up, both N = 2 and N = 1 Type IIA Calabi-Yau compactifications come with a moduli space that factorises into the product manifold M K × M cs , each equipped with a metric obtained from a suitable Kähler potential. In the presence of (mobile) D6-branes, this innocuous description in terms of a factorised closed string moduli space no longer holds, as the total moduli space in such a set-up also develops directions parameterised by the open string moduli (or D6-brane position moduli), which induce specific mixings in the Kähler potential between Kähler moduli and complex structure moduli [33] [34] [35] . Upon inclusion of background fluxes, one may wonder if their backreaction may induce mixing as well, as is the case for warped Calabi-Yau type IIB compactifications [14] . As in this paper we aim to describe flux vacua in which the flux backreaction can be neglected, we will also neglect their potential effect on the Kähler metrics and assume that they only appear in the superpotential, as we now describe.
The bilinear form of the potential
The realisation that background closed string fluxes generate a four-dimensional superpotential for the closed string moduli forms a crucial element in the search for string vacua, as the internal fluxes give mass to moduli and stabilise their vacuum expectation value at non-zero values. From a ten-dimensional perspective the background RR-fluxes and NS-fluxes couple to the geometric quantities J and Ω 3 that characterise the internal geometry, such that a four-dimensional superpotential is induced upon integrating out the compact directions [7, 37] ::
that is globally well-defined and manifestly gauge-invariant. By virtue of the definitions (2.1) and (2.17) for the closed string moduli and the definitions for the flux quanta, one immediately notices that the superpotential factorises in a purely Kähler moduli dependent part:
and a purely complex structure dependent component:
The structure of these perturbative superpotentials, inherited from ten-dimensional gaugeinvariance, allows for a further factorisation in geometric moduli (t a , n K , u Λ ), axions (b a , ξ K , ξ Λ ) and a charge vector q consisting of the quantised fluxes, i.e. q = (e 0 , e a , m a , m,
In this factorisation, the geometric moduli-dependent part is fully captured by the saxion
contains all terms depending on the closed string axions. This rotation matrix is generated through exponentiation
by a set of nilpotent matrices P a , P K and P Λ :
(2.26)
By virtue of these nilpotent generators, the effect of axion shift symmetries on the axion rotation matrix can be deduced in a fairly straightforward way:
with r a , K , Λ ∈ Z. The invariance of the superpotential (2.23) under the axion shift symmetries is guaranteed provided that the charge vector transforms accordingly,
The transformation of the flux quanta under the axion shift symmetries is a property inherent to the multi-branched structure of the vacua for the closed string axions, which is microscopically related to the cancellation of Freed-Witten anomalies for four-dimensional strings in the presence of background fluxes. The latter statement can be discussed in a more explicit way, say for example for the Kähler axion b a associated to the two-form ω a , which is Hodge dualised in four dimensions to a two-form. This two-form couples to its respective four-dimensional string arising from an NS5-brane that wraps the Poincaré- 
(2.29)
As such, the above superpotential can be written as the scalar product of the saxion vector Π with the axion polynomial vector ρ, or in component-form:
In the large-volume, classical regime in which we are working, 6 this factorisation in terms of saxions, axions and flux quanta does not only hold for the N = 1 superpotential, but can be extended to the F-term scalar potential resulting from the background fluxes,
where the inverse metric Z −1 (t, n, u) corresponds to a real, symmetric matrix depending purely on the geometric moduli (t a , n K , u Λ ):
Apart from being aesthetically appealing, the formulation in terms of the axion polynomials ρ = (ρ 0 , ρ a ,ρ a ,ρ,ρ K ,ρ Λ ) can be used to methodically search for flux vacua in which the axions and (part of the) geometric moduli are stabilised [35] , in which case the vacuum conditions are written as constraints relating the various axion polynomials to each other.
More explicitly, if one is interested in (partly) supersymmetric vacua, one needs to write down the four-dimensional F-terms for the associated N = 1 chiral multiplets in terms of the axion polynomials and find appropriate relations between the latter for the F-terms to vanish. This method turns out to be useful to identify non-supersymmetric Minkowski vacua and supersymmetric Anti-de Sitter vacua, even in the presence of α -corrections as will be discussed in section 4. Alternatively, one can directly determine the local extrema of the full scalar potential along each axion and geometric moduli. This method is drastically simplified in the axion polynomial language as well, since the first order derivatives of the scalar potential can equally be expressed in terms of the axion polynomials and derivatives of the inverse metric Z −1 with respect to geometric moduli.
Introducing α -corrections in Type IIA
The previous section provided a short review of the important lessons Type IIA string compactifications on Calabi-Yau (orientifold) with background fluxes have to offer in the large volume limit. If one goes away from regions in the moduli space where the six-dimensional internal volume is huge, quantum corrections such as higher-derivative curvature corrections and worldsheet instanton corrections have to be taken into account.
In this section we will investigate how the perturbative α -corrections modify the classical theory by considering how they affect the Kähler potential and superpotential in the fourdimensional N = 1 supergravity description. This will in turn also allow us to expose how perturbative α -corrections fit into the axion polynomial formalism and alter the scalar potential.
Axion Polynomials and α -Corrections
The N = 1 supergravity description of Type IIA orientifold compactifications with Kähler potential (2.2) is only reliable for sufficiently large internal volumes. Away from this limit, the Kähler potential is modified by the so-called α -corrections, which break the no-scale structure of K T for generic Calabi-Yau manifolds. In the regime of moderately large volumes in which the world-sheet instanton corrections can be neglected, the most relevant α -corrections are those that descend from (α ) 3 R 4 curvature corrections in the ten-dimensional supergravity action. Following [31] , such corrections can be incorporated into the pre-potential by virtue of the homogeneous coordinates T A = (T 0 , T a ) on the Kähler moduli space. In homogeneous coordinates the most generic (perturbative) prepotential is given by:
The first term is the usual tree-level Calabi-Yau volume from (2.2) and the remaining three terms encode different orders of curvature corrections in α . The term proportional to K (3) corresponds to the (α ) 3 -correction and is the only effective contribution to the Kähler potential. The parameter
ab and K (2) a correspond respectively to one-loop and two-loop corrections in α , yet do not have a ten-dimensional counterpart due to the lack of a ten-dimensional curvature polynomial with the appropriate features. Their presence can nevertheless be argued from mirror symmetry, which in fact allows to express them in terms of triple intersection numbers:
a ∼ K aaa and K (1) ab ∼ K abb + K aab , see e.g. [39] . Their presence is however physically irrelevant at the level of the Kähler metrics, as confirmed by their absence in the Kähler potential that results from (3.1):
where the symbol ε ≡ K (3) K was introduced to capture the (α ) 3 curvature corrections to the Kähler volume K = K abc t a t b t c = 6V. As anticipated earlier, in the presence of these perturbative α -corrections the classical no-scale condition for the Kähler potential (2.3) no longer holds and needs to be modified as well:
For generic Calabi-Yau compactifications with background fluxes, the (perturbative) αcorrections to the Kähler moduli pre-potential (3.1) also induce curvature corrections to the (Kähler moduli) superpotential [31] . By rewriting the superpotential in terms of the homogeneous coordinates T A = (T 0 , T a ), the α -corrected superpotential can be obtained from the pre-potential (3.1):
with q the vector of flux quanta as introduced above. The superpotential W Q for the complex structure moduli remains unchanged by the curvature corrections, while the part W T with the Kähler moduli takes a similar form as (2.21),
upon taking into account the curvature correction K (3) and after introducing the curvature corrected flux quanta e 0 ≡ e 0 − m a K
a and e a ≡ e a − K
a . This clearly shows that the corrections K (1) ab and K (2) a become relevant in the presence of a superpotential for the Kähler moduli and cannot be ignored.
Let us now see how the inclusion of the curvature corrections is compatible with the axionic shift symmetries of the superpotential. First, notice that its inclusion does not destroy the factorability of the superpotential in terms of geometric moduli and axions.
Indeed, we can write the α -corrected flux superpotential as
provided that we modify the previous quantities. The saxion vector is now given by
, we have introduced a square matrix Q defined below, and the axion rotation matrix is given by
Second, the axion rotation matrix is still generated through exponentiation as in (2.25), but now by a modified set of nilpotent, commuting matrices (P a , P K , P Λ ). The shiftgenerator P a for the Kähler axions is related to the previous version in (2.26) by conjugation with the charge matrix Q,
Given these simple extensions, the superpotential remains invariant under the shift symmetries of the closed string axions, provided that the flux quanta transform simultaneously as follows:
q → e r a P a+ K P K + Λ P Λ q .
(3.9)
The transformed flux vector has integer entries provided that K
ab , K
(2) a ∈ Z, which we will assume in the following. Finally, one may express the superpotential in terms of the previous rotation matrix as
Hence, also in the presence of α -corrections one is encouraged to introduce gauge-invariant axion polynomials s ρ ≡ (R −1 ) t · q, which can be given explicitly in terms of the flux quanta,
where e 0 and e a are the curvature-corrected flux quanta as introduced before.
This flux redefinition can be interpreted microscopically by noticing that the curvature corrections K
ab and K
a induce lower-dimensional D-brane charge on D-branes wrapping internal cycles, see e.g. [40] . They will, in particular, induce lower-dimensional charge on D-brane domain walls with non-trivial internal worldvolumes. For instance, the K 
The Scalar Potential and α -Corrections
Since the factorability of the superpotential into saxions and shift-invariant axion polynomials persists in the presence of perturbative α -corrections, one is naturally driven to the question how the modified form of the scalar potential looks like. The most straightforward path to obtain the four-dimensional scalar potential in the presence of background fluxes and perturbative α -corrections consists in computing it directly from the F-term scalar potential:
by inserting the Kähler potential (3.2) and superpotential (3.10) as obtained in the previous section. In this expression, summation over all closed string moduli is indicated through the Greek letters (α, β).
In practice, the explicit computation of the F-term scalar potential (3.12) is drastically simplified by deconstructing the expression into three components and applying the elegant formulation of the axion polynomials to the fullest for each component. The first term consists purely of the derivatives of the superpotential with respect to the closed string moduli and requires us to use the modified expressions for the Kähler metric as discussed in appendix A.1:
The second component considers the terms without derivatives of the superpotential:
where the real and imaginary part of the superpotential can be read off as a function of the axion polynomials directly from the modified superpotential (3.5) . The third and last component consists of the remaining terms containing derivatives of the superpotential, which can be simplified by virtue of relation (A.11) and the holomorphicity of the superpotential:
(3. 15) In order to arrive at the simplest expression for the F-term scalar potential further simplifications and manipulations have to be made, which will be discussed at length in appendix A.2. For now, we state the end result of the computation, expressed in terms of the (modified) axion polynomials (ρ 0 , ρ a ,ρ a ,ρ,ρ K ,ρ Λ ):
where now
(3.17)
One notices immediately that the bilinear structure of the F-term scalar potential prevails in the presence of curvature corrections, such that the scalar potential can still be written as,
where the inverse metric Z −1 is now modified by the K (3) curvature corrections expressed in terms of the parameter ε,
Due to the curvature corrections, i.e. ε = 0, off-diagonal terms enter in the symmetric matrix. As we will see in the next section, this complicates the search for extrema of the scalar potential at a technical level, but conceptually one may apply the same principles as in [35] to explore the set of vacua in the presence of α -corrections.
α -corrected flux vacua
The previous section shows how the axion polynomial language allows to incorporate perturbative α -corrections in type IIA Calabi-Yau orientifold compactifications with background fluxes. This insight allowed us to extract the bilinear structure of the scalar potential in terms of the (modified) axion polynomials, but the intricacies of the curvature corrections make the search for vacua of the full perturbative scalar potential quite demanding. This section is therefore devoted to exploiting well-known methods for vacua searches in this context. More precisely, we will extend the results of [35] , that analyses non-supersymmetry Minkowski vacua and supersymmetric Anti-de Sitter vacua in terms of the axion polynomials, to include the effect of curvature corrections. For simplicity, here we will not consider models with mobile D6-branes.
Non-supersymmetric Minkowski Flux Vacua
Following [31] , one may construct the mirror dual of the no-scale ISD flux vacua of [8] by taking a particular choice of symplectic basis of three-forms with respect to the orientifold projection. For this choice, the complex structure moduli {N K } K =0 are projected out and the four-dimensional dilaton N 0 = S = ξ 0 +is factorises from the other complex structures moduli U Λ in the Kähler potential: in type IIB flux vacua. Due to the absence of the NS-fluxes h Λ = 0, the F-terms for the complex structure moduli U Λ reduce to F U Λ = K Λ W , and because for these configurations the on-shell superpotential W = 0 the corresponding vacuum configuration breaks supersymmetry spontaneously. Finally, by applying the unbroken no-scale symmetry in the complex structure moduli sector, i.e. K Λ K ΛΣ K Σ = 3, the scalar potential for ISD flux vacua reduces to a positive semi-definite function in terms of the remaining F-terms [35] :
In the last step we used the bilinear form of the α -uncorrected scalar potential (2.31) to obtain a positive semi-definite expression as a function of the axion polynomials. Based on these expressions for the ISD scalar potential, one immediately sees that the vacuum configuration corresponds to vanishing (uncorrected) F-terms for the dilaton and Kähler moduli, or equivalently to the following constraints on the axion polynomials:
In this vacuum configuration, the first two constraints stabilise the axion ξ 0 and the Kähler axions, the third constraint expresses a condition on the flux quanta and the last condition allows for the stabilisation of the four-dimensional dilaton in terms of the overall volume Kähler modulus.
In the next phase, we investigate how the ISD flux vacua are modified in the regions of moduli space where the perturbative α -corrections cannot be neglected. As argued in the previous section, the Kähler potential for the Kähler moduli is modified by the (α ) 3correction to expression (3.2), while the ISD superpotential also requires modifications due to lower order α -corrections. In particular we have that for this case the expression (3.10) reduces to
Since the α -corrections do not violate the no-scale symmetry in the U Λ -complex structure moduli sector, the first equality of (4.2) still holds, and the same reasoning as above applies to arrive at the vacuum configuration for the ISD flux background. That is, we may derive the Minkowski vacuum conditions by imposing the vanishing of the F-terms for the dilaton and Kähler moduli. The dilaton modulus comes with the following F-term in the presence of perturbative α -corrections
while the corrected F-term for the Kähler moduli reads
(4.6)
We may now set both quantities to zero and solve the resulting algebraic equations explicitly. As in [35] , we may simplify such computations by first considering the following linear combination
The combined set of the algebraic equations that describe the vacuum constraints for ISD flux vacua can be simply expressed in terms of the redefined axion polynomials (3.11) .
At a first stage one can see that the vanishing of (4.5) and (4.7) is equivalent to
(4.8)
Notice that the conditions ρ 0 = 0 andρ a = 0 are essentially similar to the uncorrected case (4.3), while now we no longer have that ρ a = 0. The set of equationsρ a = 0 stabilises the Kähler axions through the same flux quanta as in absence of α -corrections, and the axionic partner of the dilaton ξ 0 is stabilised by virtue of the condition ρ 0 = 0, such that its vacuum expectation value can be expressed purely in terms of the curvature corrected flux quanta e 0 and e a :
Notice as well that the conditionρ a = 0 and the vanishing eq (4.6) imply that ρ A ∝ K a , and so solving (4.8) is equivalent to the vanishing of (4.5) and (4.6). The remaining two set of equations are solved simultaneously by the relations
which clearly reduce to the previous conditions in the limit K (3) → 0. They also provide explicit vacuum relations for the dilaton in terms of the flux quanta and curvature corrections:
as well as for the Kähler moduli:
in agreement with the results of section 4.2 in [31] . 7 Finally, one may insert the value of the stabilised moduli into the expression (4.4) to obtain the on-shell value of the superpotential for this set of vacua:
(4.13)
As discussed in section 5 of [35] this quantity controls the effective gravitino mass for this set of vacua and, to some extent, the whole spectrum of flux-induced soft-terms in models of intersecting D6-branes. It would be interesting to extract the phenomenological consequences of the α -corrected spectrum of soft-terms in semi-realistic intersecting D6brane models, a task that we leave for the future.
From the first equality in (4.2), that only relies on the choice of Kähler metrics (4.1) and of NS-fluxes h Λ = 0, it is clear that the scalar potential is positive semi-definite, as one would expect from the mirror construction in [8] . As discussed in [35] , one should be able to see this same feature directly from the bilinear formulation (3.18) of V . Because of the more complicated expression for Z −1 when α -corrections have been taken into account,
showing the positive semi-definiteness of V in this case is more involved. Nevertheless, as we discuss in Appendix A.3 under the above assumptions one can rewrite (3.18) as
where ρ ISD is a shorter vector than ρ, containing as many entries as RR fluxes, but whose entries are no longer only axion dependent but instead
and the symmetric matrix G −1 is given by
(4.16)
One can easily check that this matrix is positive definite and, in fact, corresponds to the Kähler moduli metric derived from the Kähler potential (3.2), as a quick comparison with (3.19) shows. As such, the minima of the potential will only be attained when each of the entries of the vector (4.15) vanish, or in other words upon imposing:
(4.17)
It is easy to convince oneself that these conditions are equivalent to the relations satisfied in non-supersymmetric Minkowski vacua. Indeed, inserting the last relation in the third one we find that the latter is equivalent to 18) which is nothing but the second equation in (4.10) . Similarly, the last relation in (4.17) can be rewritten as
which is equivalent to the first equation in (4.10).
These relations reproduce precisely the proposal of [31] to stabilise the Kähler moduli by virtue of α -corrections. Whether or not this stabilisation mechanism for the Kähler moduli is consistent relies on the possibility of finding a solution to the polynomial equation (4.12) for large values of the Kähler moduli. In order for the α -correction on the left-hand side to counter-balance the tree-level overall volume, the RR-flux quanta and in particular Roman's mass m have to be chosen appropriately without over-shooting the RR tadpole cancellation conditions. Notice that at the end of this academic exercise, however, the complex structure moduli still remain unstabilised in these non-supersymmetric Minkowski vacua.
Supersymmetric AdS vacua
Just as for non-supersymmetric Minkowski vacua, α -corrections will also affect the conditions that describe AdS supersymmetric vacua in type IIA compactifications. In this case we expect that the effect of α -corrections is a priori less dramatic, in the sense that Kähler moduli and complex structure moduli are already stabilised in their absence. Nevertheless, taking into account such corrections may be crucial in setups where moduli are stabilised at moderately large volumes. As we will see in the following, the axion polynomial formalism allows to treat such vacua in a somewhat equal footing as the previous case, and to easily extend the results obtained in [35] , where α -corrections were neglected.
To analyse α -corrected N = 1 AdS vacua we consider a general Kähler potential
and a superpotential given by:
Following the strategy of [35] , we write the different F-terms in terms of axion polynomials and set them to zero:
Analogously to our previous discussion, simpler equations are obtained when we consider certain linear combinations of complex structure F-terms
from where we find the following relations:
The same can be done with the Kähler moduli F-terms, obtaining:
were we have used (4.24) to simplify the rhs. It is easy to see that this last one can vanish ifρ a = 0, which in turn implies that ρ a ∝ K a and the vanishing of (4.25) is the only non-trivial F-term condition in the Kähler sector. Combining such a condition with the first equation in (4.24) one obtains the following vacuum relations
which generalise the conditions obtained in [35] . Comparing to eq. (3.36) therein, only the third condition is essentially different from the uncorrected case. On the one hand, since the first two conditions are the ones that implement the stabilisation of Kähler axions and one linear combination of complex structure moduli, their vacuum expectation values in terms of the fluxes will have a similar form as in [35] 
On the other hand, the geometric part of the Kähler moduli, which are stabilised in terms of the background fluxes by the third condition in (4.26), will be affected nontrivially by the (α ) 3 -correction term K (3) .
To proceed, we may insert these conditions and the second equation in (4.24) to obtain the vacuum expectation value for the superpotential in these AdS vacua, finding that
.
(4.28)
Combined with the vanishing conditions for the F-terms in the complex structure sector, this allows to write down the stabilisation conditions for the complex structure moduli in terms of their "dual" periods:
(4.29)
Again, these geometric moduli are directly affected by the cubic correction term K (3) , in sharp contrast with the axionic moduli.
Conclusions
In this paper we have analysed type IIA orientifold flux vacua taking into account the effect of perturbative α -corrections in the Kähler sector. Such corrections are relevant in the sense that they allow to combine the set of RR and NSNS fluxes used to stabilise Kähler and complex structure moduli in standard type IIA flux compactifications [25] [26] [27] [28] [29] with an underlying Calabi-Yau geometry [31] . Such a geometry not only allows to construct a large number of explicit examples, but also simplifies the computation of the 4d effective Kähler potential. As a result, one has a large ensemble of flux configurations that can be analysed as a whole.
Such a set of examples was instrumental in [34] to rewrite the F-term scalar potential as a bilinear in flux-axion polynomials V = Z AB ρ A ρ B . Even if the Calabi-Yau condition is not essential for this reformulation (it can also be obtained for, e.g., twisted tori) it provides explicit expressions for Z AB in terms of the saxions and for ρ A in terms of the axions of the compactification. As we have shown, both the bilinear structure and the separate dependence into axions and saxions is maintained in the presence of perturbative α -corrections. This constitutes a proof of concept that the bilinear form of the scalar potential is valid for a large set of flux vacua. It also supports the idea that the factorised dependence into axions and saxions should occur as long as it is a good approximation to assume that fluxes do not affect the 4d Kähler metrics of the light fields, or in other words that Z AB is independent of the ρ A .
We have seen that certain α corrections modify the definition of the flux-axion polynomials ρ A , in the sense that they redefine the basis of quantised fluxes. Others, namely the cubic correction K (3) that enters the Kähler potential as in (3.2), only affect the expression for Z AB . Armed with the explicit expressions for both quantities, we have written down the full scalar potential and analysed several of its vacua. We have first considered the class of Minkowski vacua studied in [31] , and shown that in this case the potential can be written as a bilinear positive definite form (4.14), as expected from mirror symmetry.
The vanishing of each of the entries of the vector (4.15) gives the vacuum conditions for this class of compactifications, and reproduces the results in [31] . Second, we have considered how α -corrections modify the vacuum conditions of supersymmetric AdS flux vacua, following the same strategy as in [35] and rewriting the vanishing F-term conditions in terms of axion polynomials and solving for them. As in the case of Minkowski vacua, we have found that the cubic correction K (3) only affects the stabilisation of geometric of saxionic moduli, while the other two corrections also affect (implicitly) the stabilisation of axions.
It would be interesting to extend our results to include more general classes of type IIA flux vacua. For instance one could add open string sectors, like e.g. mobile D6-branes, and see how α -corrections modify the scalar potential in [34] and the corresponding vacua analysed in [35] . It would also be interesting to see how the effect of α -corrections modifies the spectrum of soft masses in non-supersymmetric flux vacua, extending the analysis of [35] . In addition, it would also be interesting to compute the effect of perturbative α -corrections for non-Calabi-Yau geometries. In general, we expect that a better understanding of α -corrections in all these cases will allow to root the landscape of type IIA flux vacua on firmer ground.
A.2 α -Corrected Scalar Potential
Next, we discuss the computation of the F-term scalar potential in full detail and highlight some manipulations that help us to arrive at the more elegant bilinear form of the scalar potential in equation (3.18) . The philosophy used in section 3.2 consists in decomposing the F-term scalar potential in three separate terms and write each term as a function of the (α -corrected) axion polynomials in the simplest form possible. Given that the Kähler potentials still factorise between the Kähler moduli and complex structure moduli sector, the term containing the derivatives of the superpotential can be written as,
Inserting the expression for the inverse Kähler metric (A.10) on the Kähler moduli space allows to simplify this relation to the expression in (3.13) . Moreover, this expression can be further rewritten as,
by eliminating ρ a t a through the expression for Im W ,
The second component ( 6ε) . which follow form the moduli-dependent matrix N IJ computed directly [27] from a prepotential F,
where X K represent the homogeneous coordinates used to parameterise the corresponding moduli space. In the absence of perturbative α -corrections one can insert the tree-level pre-potential (2.6) for the Kähler moduli sector to obtain the respective matrices, while the inclusion of the perturbative curvature corrections requires us to use the modified pre-potential (3.1). In the latter case, the resulting transformation matrix M −1 can be decomposed as
with R the axion rotation matrix,
and the lower order curvature corrections K Next, we evaluate the expression of the scalar potential (A.17) for this flux background and use the Hodge duality relations for the harmonic three-forms (A. 19) , such that a bilinear structure in terms of the axion polynomials emerges explicitly. After the appropriate Weyl rescaling to 4d Einstein frame we obtain which equally allows to switch between the flux quanta basis (e 0 , e a , −m, m a ) and (e 0 , e a , m a , m).
